Prophenoloxidase-activating proteinases (PAPs) take part in insect defense responses including melanotic encapsulation and wound healing. To understand their gene structure and regulation, we screened a genomic library and isolated overlapping k clones for Manduca sexta PAP-2, hemolymph proteinase 12 (HP12), and HP24. Complete nucleotide sequence analysis indicated that all three genes encode polypeptides with two regulatory clip domains at the amino terminus, a linker region, and a catalytic serine proteinase domain at the carboxyl terminus. Each gene contains eight exons, with introns located at equivalent positions. Similar sequences are present in introns as well as exons, indicating that these genes arose from recent gene duplication and sequence divergence. We analyzed their 5V flanking sequences and identified putative immune and hormone responsive elements. Reverse transcription -polymerase chain reactions confirmed that PAP-2 and HP12 mRNA levels in the larval fat body and hemocytes increased after a bacterial challenge. However, HP24 expression was barely detected. PAP-2 transcripts in cultured fat body became less abundant after 20-hydroxyecdysone treatment. Thus, PAP-2, HP12, and HP24 mRNA levels are differentially regulated by immune and developmental signals. Comparison with HP15, HP23, and PAP-3 sequences suggested an evolutionary pathway of the dual clip-domain serine proteinases in M. sexta. D
Introduction
Insects are capable of defending themselves against pathogen/parasite infection [7, 8, 15] . Their immune systems consist of physical barriers (e.g., integument, gut), cellular responses (e.g., phagocytosis, nodulation, and encapsulation), and reactions mediated by plasma proteins [e.g., coagulation, prophenoloxidase (proPO) activation, and effect of antimicrobial peptides]. Serine proteinase cascades coordinate some of these defense mechanisms [10, 14] . For instance, the proteolytic activation of proPO yields active phenoloxidase (PO), which generates quinones for melanin synthesis, wound healing, and encapsulation [1, 3, 18] .
In the tobacco hornworm Manduca sexta, proPO activation is catalyzed by proPO-activating proteinases (PAP-1, PAP-2, and PAP-3) in the presence of two serine proteinase homologues (SPHs) [9, 11, 12, 25] . The SPHs contain an aminoterminal clip domain and a carboxyl-terminal proteinase-like domain that is catalytically inactive (due to the lack of one or more catalytic residues in a serine proteinase). Precursors of PAPs and SPHs are activated by a serine proteinase cascade triggered on recognition of pathogens. PAPs, also known as PPAEs for proPO-activating enzymes, have been isolated and cloned from other arthropod species, including Holotrichia diomphalia, Bombyx mori, and Pacifastacus leniusculus [16, 21, 23] . B. mori PPAE, M. sexta PAP-2, and M. sexta PAP-3 contain two clip domains at the amino terminus, but the other PAPs only have one. M. sexta SPH-1 and SPH-2 associate with immulectin-2, a C-type lectin that binds lipopolysaccharide and localizes PO to the bacterial surface. Additionally, serine proteinase inhibitors of the serpin superfamily negatively regulate PAPs [14] .
Our knowledge on transcriptional regulation of PAP gene expression is limited. We recently published the gene structure and expression pattern of PAP-1 and PAP-3 [26, 27] . In this paper, we report the discovery of a cluster of dual clip-domain serine proteinase genes in the M. sexta genome. We have investigated the structure and evolution of these genes. A search for conserved sequence motifs uncovered putative regulatory elements in their 5V flanking regions. Tissue specificity, immune inducibility, developmental profile, and hormone responsiveness of the gene expression were surveyed.
Results
Isolation of cDNA and genomic clones for PAP-2, HP12, HP23, and HP24
We screened the M. sexta genomic library using a fulllength PAP-2 cDNA probe [11] and isolated eight positive clones. k11 and k12 were selected for subcloning and sequence determination. k11 contained exons 3 -8 of the PAP-2 gene, whereas k12 included exons 3 -8 of HP24 and exon 1 of PAP-2 (Fig. 1A) . To fill the gap in the PAP-2 sequences, we used two pairs of primers in exon 1 and exon 2 to amplify genomic DNA by nested PCR and obtained a 1-kb fragment (G1) containing the 3V end of exon 1, the entire intron 1, and the 5V end of exon 2. Similarly, a seminested PCR resulted in a 1.4-kb genomic fragment (G1.4) containing the 3V end of exon 2, the entire intron 2, and the 5V end of exon 3 of PAP-2. Perfect matches with the ends of k11 and k12 indicated that the PCRderived fragments represented the gap between the k clones.
The corresponding exons in k12 were 67% identical in sequence to those in k11. Based on a sequence comparison with PAP-2 cDNA, we predicted the exon -intron junctions of HP24. A BLASTX search of GenBank with the assembled exon sequences indicated that this partial gene encoded a serine proteinase with two clip domains. We designed a pair of primers in exons 3 and 8 of HP24 and amplified a 960-bp cDNA fragment of HP24 and, thus, demonstrated that HP24 is an active gene. Comparison of the genomic and cDNA sequences confirmed the predicted exon -intron structure. To isolate a full-length HP24 cDNA, we screened the cDNA libraries via RecA-mediated homologous pairing and biotinstreptavidin interaction [13] . Among the captured positive clones, 14 were PAP-2, 1 was HP12, and none were HP24.
We used the HP15 probe [13] and isolated a full-length cDNA clone for HP15 and for HP23. Highly similar sequences of HP15 and HP23 (Table 1) seem to be responsible for the cross-hybridization.
To isolate genomic clones for HP12 and the rest of HP24, we amplified an HP12 cDNA fragment corresponding to exons 1 and 2 of PAP-2, labeled the product with [ 32 P]dCTP, screened the genomic library, and isolated four positives. Based on the Southern blot analysis, k1 and k3 were selected for subcloning and sequence determination. k3 contained the entire HP12 and exons 1 -3 of HP24, whereas k1 included exons 2 through 8 of HP24 and exon 1 of PAP-2 (Fig. 1A) . Thus far, we have de termined the complete nucleotide sequence of a 35-kb region containing the HP12 -HP24 -PAP-2 gene cluster.
We searched the silkworm genome databases and the only dual clip-domain serine proteinase gene found was PPAE. The first exon of PPAE is located at the 3V end of one scaffold, whereas exons 2-8 are present at the 5V end of another scaffold (Fig. 1B) . A large intron was also identified between exons 1 and 2 of M. sexta PAP-3 [26] . In summary, seven dual clip-domain proteinase genes (M. sexta HP12, HP15, HP23, HP24, PAP-2, PAP-3, and B. mori PPAE) have been discovered thus far.
Transcription initiation
We determined the transcription start site of PAP-2 by primer extension. Reverse transcriptase extended the primer (derived from nucleotides 93-114 of PAP-2 cDNA) 111 bases and yielded a 133-nucleotide product (Fig. 2, lane 3) . Therefore, the RNA synthesis begins at an A (nucleotide +1) in the middle of TCAGA. This sequence is similar to TCAGT, a motif typically found within 10 nucleotides before or after the transcription start site in arthropod genes [4] . Additionally, we identified an A/T-rich region (AATATATT-TATA) between nucleotides À30 and À19. This sequence contains motifs that are similar to a TATA box (TATATA or TATAAA), residing in the ''À30 region'' of many eukaryotic genes.
Primer extension revealed heterogeneous initiation sites in HP12: a series of products (135 -212 nucleotides long) were synthesized from an oligonucleotide complementary to nucleotides 124-146 of the cDNA (Fig. 2, lane 2) . Based on the strongest band at 184 bp, we deduced that the transcription initiation site is a T (nucleotide +1) in the context of TTAGT (À1 to +4). This sequence closely resembles TCAGT, the arthropod pentanucleotide capsite. A perfect TATA box (TATAAA) was found between nucleotides À29 and À24. Two other TATA boxes (TATATA), located À78 to À73 and À63 to À58, may cause transcription initiation at A (À28) and A (À15), as inferred from the 212-and 199-nucleotide extension products. However, we did not find a perfect capsite between nucleotides À38 and À5 -the closest analogs, CTGGT (À41 to À37) and CTAGT (À14 to À10), contain two or three mismatches.
We did not detect any extension product using an HP24-specific primer under the same conditions (Fig. 2, lane 1) , probably because HP24 was barely expressed in induced larval fat body (Fig. 3) . For the purpose of sequence comparison, we assigned a tentative transcription initiation site for HP12 and PPAE genes based on the nucleotide sequence alignment (Fig. 4A) .
Organization, features, and variations of the exons and introns
A comparison between the genomic and cDNA sequences indicated that the structures of M. sexta HP12, HP24, PAP-2, PAP-3, and B. mori PPAE genes are identical: all contain 8 exons and 7 introns (Fig. 1, Fig. 5A , and Table 2 ). Exon 1 includes a 5V-untranslated region (UTR) followed by a sequence encoding the signal peptide. Exon 2 and the first 9 nucleotides of exon 3 code for clip domain 1, whereas the rest of exon 3 and the 5V end of exon 4 encode clip domain 2. The remainder of exon 4 encompasses the linker region as well as the first two residues of a serine proteinase catalytic domain. Most of the catalytic domain is encoded by exons 5-7 and the 5V end of exon 8.
The 3V-UTRs in exon 8 of PAP-2 and PAP-3 are 1.2 and 1.3 kb long, whereas those in HP12, HP15, and HP23 are shorter (¨0.3 kb) ( Table 2 ). The HP23 cDNA contains a 5V-UTR of 862 bp, much longer than the counterparts in the other proteinase genes. The coding regions in individual exon groups have similar sizes and their phases are identical. For instance, exon 6 is 206 or 209 nucleotides long, encoding 68 or 69 amino acid residues. In contrast, the sizes of the introns in each group are more variable. The alignment of intron sequences pointed to many similar regions in individual groups (data not shown). We further compared the 5V and 3V ends of the intron sequences and identified the consensus as 5V-GTR . . .YAG-3V. The comparison of cDNA and gene sequences revealed some minor discrepancies. The full-length HP12 and PAP-2 cDNA sequences and the 960-bp HP24 cDNA fragment contain 5, 5, and 21 nucleotide substitutions, compared to the genome sequences. These minor differences are most likely caused by allelic variations. Among them, only 10 give rise to amino acid residue changes: P196A and Q197K in HP12, N144K, K194Q, L261I, D266E, E267D, A317P, and N363K in HP24, as well as K273E in PAP-2.
Putative regulatory elements and repeated sequences in 5V-UTRs
Computer-based sequence analysis revealed motifs for key transcription factors in the 5V flanking regions of HP12, HP24, PAP-2, PAP-3, and PPAE ( Fig. 4A and Table 3 ). HP12 has three TATA boxes that may lead to transcription initiation at multiple sites (Fig. 2) . Two overlapping TATA boxes are located 60 -67 nucleotides upstream of the predicted transcription start site in HP24. PAP-2 does not contain a typical TATA box.
Most of these proteinase genes contain putative GATA boxes, NF-nB motifs, and interferon-stimulated response elements (ISREs) ( Table 3) . A perfect NF-nB motif is found between nucleotides À1765 and À1756 of PAP-3 and the other nine match 9 of the 10 positions in the consensus sequence (GGGRAYYYYY). HP24 lacks an NF-nB motif. We have identified 12 GATA boxes and 22 ISREs on positive or negative strands of the genes. Each putative ISRE differs from the consensus (GGAAANNGAAANN) at two sites. The sequence between nucleotides À443 and À429 of PAP-2 gene match 12 of the 15 positions in the ecdysone-response element (EcRE) on both strands of the DNA.
A 178-bp region in intron 7 of HP12 is 90% identical to the reverse complement of a 180-bp fragment in intron 3 of the same gene (Fig. 4B) . Another nearly perfect repeat resides in nucleotides À2675 to À2423 and nucleotides À1664 to À1413 of HP12. This 253-bp sequence is also highly similar to nucleotides 1300 to 1553 in HP24 (Fig. 4C) . The overall sequence identity among these sequences is 89%. Part of this repeat is also similar to a fragment in M. sexta PAP-1, PAP-3, juvenile hormone-binding protein, eclosion hormone, serpin-1, and arylphorin genes [26, 27] .
Other than these repeats, highly similar sequences are also present in the 5V-UTR of HP12 and HP24. The sequence between a putative TATA box (starting at nucleotide À65) and the transcription start site of HP12 is nearly identical to the same region in HP24 (Fig. 4A) . Further upstream, a 247- bp fragment (nucleotides À961 to À718) of HP12 is 84% identical to the region between nucleotides À1295 and À1049 of HP24 (Fig. 4D) . These similar sequences indicate that HP12 and HP24 might share some regulatory elements and, hence, comparable expression patterns. Nevertheless, the RT-PCR results failed to support this hypothesis (Fig. 3) .
Expression patterns of HP12, HP24, and PAP-2 genes
To test whether transcription of HP12, HP24, and PAP-2 is up-regulated after an immune challenge, we examined total RNA samples of hemocytes and fat body from M. sexta larvae injected with water or Micrococcus luteus. HP12 mRNA was undetected in either hemocyte sample. In contrast, induced fat body yielded a major PCR product of the expected size after 25 cycles, and the band intensity was markedly higher than that of the control (Fig. 3A) . The HP24 mRNA level was below the detection limit in all four of the samples. On the other hand, upregulation of PAP-2 transcription was observed in both fat body and hemocytes, a result consistent with previous Northern blot analysis [11] .
After method validation, we inspected the mRNA levels of HP12, HP24, and PAP-2 in fat body at different developmental stages (Fig. 3B) . HP12 mRNA was present in fat body on day 5 of the fifth instar and day 3 of the wandering stage. HP24 signal was not detected in any of the RNA samples. PAP-2 mRNA was not detected in the larval fat body until the wandering stage started. Its level remained high from day 2 to day 5 of the wandering stage and then gradually decreased in the pupal stage. PAP-2 transcripts resurged in the adult. (Fig. 1) , are located right after '' ''. The proteolytic activation site is marked by ''‹''. The catalytic residues (His, Asp, and Ser) are marked by boxes, whereas determinants of the specificity pocket by ''@''. Cys residues in the mature proteins are underlined, and the absolutely conserved ones in each clip domain are numbered 1 through 6. The paired letters (a -a, b -b, c -c) in the catalytic domains indicate the disulfide linkages conserved in the S1 family of serine proteinases. The two unique Cys residues in most group 2 proteinases are shown by ''+'' [10] . The Cys, marked with ''#'', is probably involved in the interdomain disulfide bond with its partner (one of the Cys residues marked ''?'') in the linker region. (B) Based on the sequence alignment in A, a distance tree was constructed by the neighbor-joining method. The horizontal branch lengths are proportional to the minimum number of amino acid substitutions necessary for the evolution of the sequence differences observed. The numbers in boldface indicate bootstrap values (%), whereas the lightface numbers represent branch lengths.
In addition, we checked the tissue-specific expression of the three genes. HP12 was expressed mainly in tracheae and integument of the fifth-instar larvae, and slightly in the midgut of wandering stage (Fig. 3C) . Again, we did not detect HP24 transcripts. PAP-2 mRNA was present at low to intermediate levels in several larval and pupal tissues. The highest level was observed in fat body of the wandering larvae.
The finding of putative ecdysone response elements in PAP-2 led us to test whether 20-hydroxyecdysone affects the PAP-2 expression in cultured fat body. At a low concentration of 1 Ag/ml, 20-hydroxyecdysone slightly reduced the PAP-2 mRNA level. The decrease became more severe after the tissue had been treated with the steroid at 5 Ag/ml (Fig. 3D) .
Structural properties and evolutionary relationships
As expected from their similar gene structures, M. sexta HP12, HP24, PAP-2, HP15, HP23, PAP-3, and B. mori PPAE share common features at the protein level (Table 4) . They all contain a secretion peptide ending with a Gly or Ala. The mature proenzymes almost all start with Gln, which may form pyroGlu, as shown in PAP-2, PAP-3, and PPAE [11, 12, 21] . The first clip domain contains 53 residues, slightly longer than the second clip domain (51 residues in most cases). The clip domains are separated by 1 residue in PPAE, by 3 residues in PAP-3, and by 7 residues in the five other proteins. In contrast, the linker region between the second clip domain and the catalytic domain is much longer, containing 3 conserved Cys residues. The putative activation site of HP12 and HP24 is VSD(K/R)*IIGG, different from FDNK*ILGG in PAP-2 and VG(D/N)K*I(I/V)GG in HP15, PAP-3, and PPAE. HP23 contains an unusual activation site of EENK*LLAT. Sequences near the catalytic triads are highly conserved: KYVLTA(G/ A)HCV. . .DI(A/G)LIRL. . .GKDSCKGDSGGPLMY. With Asp, Gly, and Gly being determinants of the primary specificity ÀAGAAAATGAgAAT (À725)
+GGAAtGCGAcACA (À307) +aGAAgGAGAAACT (À193)
ÀGaGAATCCTT (À68) +GGGtATTTTT (À807) +GGGGATTaCT (À190) +GGcAATTCCC (À1018) +tGGGATCTCC (À350) +aGGGACTTCC (À152) +GGaGATTCTC (À427) EcRE ( pocket, these seven proteinases are predicted or shown to be trypsin-like by cleavage after Arg or Lys residues. We identified potential N-linked and O-linked glycosylation sites in all these proteins, some of which were confirmed by sequence determination and chromatographic analysis [11, 12, 21] . A striking feature of these proteins is the absolute conservation of 24 Cys residues in the sequences (Fig. 5A) , which stabilize the enzymes with a common disulfide network. Their overall sequence identity and similarity range from 46 to 80% and from 59 to 85%, respectively ( Table 1 ). The groups of the first or second clip domains have the same length and contain similar sequences (Fig. 6A) . This is somewhat surprising because clip domains and linkers are typically hypervariable in their sizes and sequences [10] . Moreover, sequence conservation is found in the linker between the second clip domain and the catalytic domain.
HP12, HP24 and PAP-2 form a separate branch on a phylogenetic tree of the dual clip-domain proteinases (Fig. 5B) . The proximity in the M. sexta genome is consistent with their close evolutionary relationships. Although structures and genomic locations of HP15 and HP23 are unknown at this moment, they probably arose from a gene duplication and have an ancestor in common with the HP12 -HP24 -PAP-2 cluster. This evolutionary pathway is well supported by the bootstrap analysis. On the other hand, PAP-3 and PPAE are less closely related to the five other proteinases. In the analysis of individual clip domains (Fig. 6) , it is clear that duplication of the clip-domain region occurred prior to duplication and divergence of this family of genes in Lepidoptera.
Discussion
The discovery of the HP12 -HP24 -PAP-2 gene cluster and comparison with HP15, HP23, PAP-3 and silkworm PPAE provided useful insights into the evolution of dual clip-domain serine proteinases in M. sexta. First of all, individual gene copies apparently evolved as independent units following gene duplications. Although exon shuffling cannot be ruled out as a mechanism to generate two clip domains at the time of family founding, this does not seem to have occurred during subsequent family expansion (Fig. 6) .
Assuming that selection favored the sequence/function divergence of this protein family, why did exon shuffling (another efficient mechanism for introducing diversity and novelty into existing genes) not happen? Based on the clipdomain structure, we suggest that the exon -intron organization of these genes may have prevented exon shuffling (Fig. 5A) : exon 2 encodes most of clip domain 1, exon 3 encodes ValCys-Cys of clip domain 1 and clip domain 2 before Cys 4 , and exon 4 encodes the rest of clip domain 2 as well as the linker. In comparison, M. sexta PAP-1 and D. melanogaster SP4, SP7, and SP10 contain a single clip domain encoded by an entire exon [19, 27] .
The lepidopteran dual clip-domain proteinases differ in domain subgroup and gap length from Drosophila serine proteinases with multiple clip domains [19] . They probably evolved after Lepidoptera and Diptera diverged from their common ancestor¨330 million years ago. In contrast, M. sexta PAP-3 and B. mori PPAE are probably orthologous to each other by sharing similar sequences, biochemical properties, and physiological functions (Tables 1 and 4) . Although PPAE may be the only dual clip-domain enzyme in the silkworm, gene duplication and sequence divergence gave rise to at least six such genes in the tobacco hornworm. With HP12, HP24, PAP-2, and PAP-3 structures determined, sequences of HP15, HP23, as well as other unknown genes for dual clip-domain enzymes become necessary for understanding how these genes arose in the genome of M. sexta.
In addition to the evolutionary relationships, we examined the expression patterns of HP12, HP24, and PAP-2. A search for conserved sequence motifs uncovered putative regulatory elements in the 5V flanking regions of HP12, HP24, PAP-2, PAP-3, and silkworm PPAE (Table 3) . Consistent with the presence of putative NF-nB motifs in HP12, PAP-2, and PAP-3, their transcription was up-regulated after bacterial injection (Fig. 3A) [26] . Under the experimental conditions, we did not detect HP24 expression before or after the bacterial injectiona possible consequence of not having any NF-nB motif. It is unclear whether silkworm PPAE, containing a putative NF-nB motif, is immune responsive or not.
The putative EcREs on both DNA strands of the same region (Table 3) could be responsible for the down-regulation of PAP-2 transcription by 20-hydroxyecdysone. M. sexta PAP-1 gene expression was also suppressed by the ecdysteroid [27] . Interestingly, that putative EcRE is a perfect inverted repeat that may allow the binding of hormone-associated, transcription factor dimer [5] . In contrast, PAP-3 gene transcription was unaffected by 20-hydroxyecdysone [26] . Although there are two putative EcREs in the gene, both of them are located on the negative strand. The high levels of HP12 and PAP-2 transcripts in the larval trachea and cuticular epidermal cells (Fig. 3C ) suggest that they protect against pathogen invasion via the respiratory system or integument. The cuticle of B. mori larvae contains proPO and its activating system [2] and the PPAE mRNA level in the larval integument is much higher than that in hemocytes or fat body [21] . Whereas PAP-2 mRNA is also present at low levels in hemocytes and fat body of naive M. sexta, we detected a high level of the transcript in the nerve tissue. The roles of PAP-1 [27] and PAP-2 (Fig. 3C ) in the central nervous system are unknown.
The cloning and sequencing of dual clip-domain serine proteinase genes/cDNAs led us to propose an evolution pathway for M. sexta PAP-3, HP15, HP23, PAP-2, HP12, and HP24. Identification of putative regulatory elements and RT-PCR expression analysis revealed a complex picture of temporal and spatial regulation of their transcription. Whereas these results form a foundation for future studies, further investigations are needed for elucidating the functions of these enzymes in different physiological processes, such as host defense and metamorphosis.
Materials and methods
Insects, RNA, and genomic DNA M. sexta eggs were originally purchased from Carolina Biological Supplies and the larvae were reared on an artificial diet [6] . Hemocytes were collected from three fifth-instar larvae (day 2), three wandering larvae (day 3), and three pupae (day 2) [9] . Fat body, salivary gland, midgut, Malpighian tubule, tracheae, muscle, nerve tissue (thoracic ganglia), and integument were then dissected from the bled insects. After being rinsed with 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO4, 1.4 mM KH 2 PO4, pH 7.4, RNA samples were extracted from the combined cells or tissues using the Micro-to-mid Total RNA Purification System (Invitrogen). In RT-PCR analysis of bacteria-induced gene expression, three larvae (fifth instar, day 2) were injected with 50 Al of H 2 O (control) or M. luteus (Sigma, 1 mg/ml in H 2 O). Hemocyte and fat body RNA samples were prepared 24 h later. Genomic DNA isolated from M. sexta larvae [26] was used as a template for PCR amplification of a gap in the PAP-2 gene (Fig. 1) .
Genomic library screening
A M. sexta genomic DNA library in k-gem-11, constructed by Dr. Yucheng Zhu at the Southern Insect Management Research Unit of USDA-ARS, was screened with 32 P-labeled M. sexta PAP-2 cDNA as described by Sambrook and Russell [20] . From a total of 3 Â 10 5 recombinant plaques, positive plaques were purified and DNA samples were prepared from plate lysates using a k DNA purification kit from Qiagen. The bacteriophage DNAs were digested with restriction enzymes and the fragments were separated by agarose gel electrophoresis and transferred to nitrocellulose membranes. After Southern blot analysis, fragments of PAP-2 and related genes were subcloned into pBluescript-KS (Stratagene). The resulting recombinant plasmids were sequenced by primer walking using a BigDye Terminator Cycle Sequencing Ready Reaction Kit (PE Applied Biosystems). Sequence editing and assembly were performed using MacVector Sequence Analysis Software.
Cloning a gap between the k clones
PCRs were performed to obtain the genomic fragment between exons 1 and 3 of the PAP-2 gene. Using oligonucleotide primers designed based on the cDNA sequence (j332: 5V-GAGACGGTCGCGTGGTGTC-3V; and j333: 5V-TTGTCCATCAAATC CGCAAG-3V), the region between exons 1 and 2 was amplified from M. sexta genomic DNA (1 Ag) by Pfu DNA polymerase (Stratagene). The thermal cycling conditions were as follows: 94-C for 30 s; 45-C for 30 s; 72-C for 5 min; for 35 cycles. The reaction mixture (1 Al) was directly used as a template for a second, nested PCR. Taq DNA polymerase (Promega), primer j714 (5V-CGAACAGTAAACATGAA-3V), primer j715 (5V-CAGATTCCCTCAGGAAC-3V), and the same cycling conditions were employed. The region between exons 2 and 3 of PAP-2 was amplified in a similar manner. Primers j716 (5V-AAGCCTGCACATTGCCA-3V) and j717 (5V-AGGTGTGTACACT TCTT-3V) were used in the first PCR and primers j718 (5V-ACGACAAAGGGACTTGC-3V) and j717 were used in a second, seminested PCR. The reaction products were separated by 1% agarose gel electrophoresis, recovered from the gel, and cloned into pGem-T (Promega) prior to sequence determination.
Cloning of HP12, HP23, and HP24 cDNAs
As indicated in Fig. 1 , the HP24 gene was first identified in k12, which cross-hybridized with the PAP-2 probe. To amplify HP24 cDNA, a mixture of k phage DNA (20 ng) isolated from the bacteria-induced fat body and hemocyte cDNA libraries was used as a template in a PCR. Primers j314 (5V-AATGAAGAGGAGAAGGTGTT-3V) and j315 (5V-CTCCCACATTTGCTC-GAC-3V) were designed based on regions most different from the corresponding sequences in PAP-2 cDNA. In the first PCR, primer j315 was used along with vector-specific T3 primer. The thermal cycling conditions were as follows: 35 cycles of 94-C for 30 s; 54-C for 40 s; and 72-C for 90 s. The reaction product (1 Al) was used as a template for the semi-nested PCR using primers j314 and j315. After 1% agarose gel electrophoresis, a PCR product of the expected size (960 bp) was recovered and inserted into pGem-T by T/A cloning. For isolating full-length HP24 cDNA, biotin -21-dUTP was incorporated into a 576-bp region within the 960-bp sequence by PCR amplification. The bacteria-induced fat body and hemocyte cDNA libraries were screened using the biotin-labeled probe and ClonCapture cDNA Selection Kit (BD Biosciences). Although HP24 clone was not isolated using this probe, a full-length cDNA for HP12 was obtained [13] . HP23 cDNA was serendipitously cloned during the library screening with the HP15 probe.
Determination of transcription initiation sites

